Abstract: This article presents a new technique for determining accurate values of resonant frequency and quality factor pertaining to the split-ring resonator. Different conducting shield materials have been used around a copper split-ring. The split-ring has been designed to operate at about 2.1 GHz. Various equations were worked out earlier to determine the values of resonant frequency and quality factor. However, these equations yielded different solutions. Therefore, simulations were used to obtain the values of the resonant frequency and quality factor of the split-ring resonator with different five-shield materials, using High-Frequency Structure Simulator (HFSS) software. In this work, a novel method has been introduced for obtaining values of resonant frequency which provides results with negligible error. An optimal technique, namely time-varying particle swarm optimization (TVPSO), was then performed to obtain two sets of equations for resonant frequency and quality factor. The two sets of equations, optimized using TVPSO, were compared for their effectiveness in matching the actual frequency and quality factor for each of the five materials. It was found that the TVPSO was significant in achieving the frequency and quality factor regression equation to accurately resemble the actual values portrayed by the low mean absolute error.
Introduction
The split-ring resonator (SRR) is a structure that has utility in various microwave applications [1] [2] [3] [4] . This structure (in different configurations) has been used in both planar and non-planar forms. These applications include material characterization [5] , compositional analysis [6] , food grading [4, 7] , bio-medical applications [2, 3] , meta-materials [8] , quality control etc., in the 1-5 GHz range. The SRR is characterized by ease of fabrication, low cost, moderate quality (Q) factor, low noise interference [9] etc. It comprises a metallic ring with one or more longitudinal gap(s) and generally enclosed in a metallic shield [10] [11] [12] for better performance [13] . This work is particularly focused on non-planar SRR. Besides SRR, there are also other resonator topologies which have been presented in the literature [14, 15] . A single-gap SRR is shown in Figure 1 [16] .
The resonant frequency and Q-factor are important parameters of the SRR which are worked out to determine its applicability [17] in different circumstances. A longitudinal gap of SRR 't' represents capacitance, while the single turn represents inductance of the structure. The resonant frequency is generally obtained on the basis of these quantities, besides the dimensions of the split-ring and shield. This quantity has been worked out by numerous researchers [11] [12] [13] 18] . One such equation worked out for obtaining the value of resonant frequency while considering the fringing field and shield effects is given below [19] : 
where t, W, Z, r 0 , R 0 are different dimensions of SRR and shown in Figure 1 . ∆Z is the equivalent length extension due to the magnetic fringe fields at two ends of the resonator, whereas ∆W is the equivalent length extension due to the electric fringe fields at two ends of the resonator [16] . These are calculated as ∆Z = 0.18R 0 , ∆W = 3.0t. The Q-factor of SRR is an important figure of merit and is worked out on the basis of material property and dimensions of split-ring and shield. One such equation for the Q-factor while considering ohmic losses on walls of resonator and shield, effects of fringing field and shield effects is given below [19] : 
where δ is skin depth of resonator material. However, the above requires correction due to conductor loss of the capacitor gap and is given as [16] :
Overall Q-factor is, therefore, worked out as:
Utilization of the resonance technique for obtaining resonant frequency and Q-factor is a well-established method and has been in use for performing compositional analysis, permittivity sensing, biomedical electron paramagnetic resonance (EPR), etc. [1, 3, 6, 20, 21] . Hence, obtaining the exact/accurate value of parameters is essential for optimum utilization of components/devices. For obtaining resonant frequency and Q-factor of the split-ring resonator, numerous models have been formulated [13, 18, 19] . A comparison of SRR models [13] shows that at times large errors were obtained. So, there exists a need to determine these values using a numerical approach. Basing on these observations, regression equations were obtained [9] . These equations yielded values that are relatively accurate. Since Equations (1)-(4) mentioned above and other similar models only provide approximate values [13] , they may provide inaccurate information. Inaccurate values obtained through these models may lead to incorrect design and a wastage of time and effort. Simulation results are also not accurate as mentioned in earlier work [22] . The difference in the two values is mainly due to changes in material properties during machining work, small inaccuracies in fabrication, besides other reasons. However, HFSS simulation yields results better than the mentioned models. So, simulation values can be utilized with a certain degree of confidence. Due to this reason, HFSS [23] simulation has been utilized for this work. The default settings of HFSS have mostly been utilized so that these have equal effects on the obtained values. Regression equations were obtained, with the help of simulated results obtained using MINITAB software [24] to determine values of resonant frequency and Q-factor with high accuracy for different shield material around a copper ring [9] . Optimization is required to use a requisite object in its optimal way. Recently, metaheuristic optimization techniques have found tremendous applications in various fields of engineering and science [25, 26] . Particle swarm optimization (PSO) being one of the most used metaheuristic algorithms, has played a substantial role in various problems. Particular to communication and electronics fields, PSO has many applications [27] [28] [29] . This optimization algorithm yields solutions using the iterative method and tries to improve the successive result with regard to a given measure of quality (objective function). It uses predefined data, which are dubbed particles, and these particles are moved around in the search-space over the particle's position and velocity to yield solutions. regard to a given measure of quality (objective function). It uses predefined data, which are dubbed particles, and these particles are moved around in the search-space over the particle's position and velocity to yield solutions. In this work, a novel method has been introduced for obtaining the values of resonant frequency and Q-factor, which provides results with negligible errors. Two sets of equations for resonant frequency and Q-factor have been obtained for different shield materials around a copper ring, as discussed above. Coefficients of the two sets of equations have been optimized by a variant of standard PSO, namely time-varying particle swarm optimization (TVPSO) which has been effective in finding global solutions to many engineering problems [30, 31] , by formulating an optimization problem using a minimizing objective function. Comparison of the results is presented for validation and usability of the presented technique.
Problem Formulation and Methodology
The resonant frequency and Q-factor of SRR are dependent upon critical dimensions besides material and other properties. Important material properties which affect the values of these parameters include bulk conductivity, relative permeability and mass density of both the split-ring and shield material [9] . Important properties of the shield materials are given in Table 1 [9] . As per guidance available in earlier research [1, 10, 11] , high conductivity is a necessity for a split-ring, so copper has been utilized in this work to design the split-ring. The shield has been designed using aluminum (AL), brass (BR) [21] , stainless steel (SS), cast iron (CI), and tin (SN). These have been previously utilized in an earlier work [9] . Equations of the resonant frequency and Q-factor of SRR can be obtained using data. Data can be obtained with the help of simulations. For this purpose, five base-design SRR models were formulated using HFSS, each with a shield of different material. Design parameters of the base design SRR are produced in Table 2 . A square cross-section of the ring was developed so that magnetic and electric fringing effects remain uniform in vertical and horizontal directions. A HFSS simulation model comprising of SRR enclosed in a shield, designed for this work, is shown in Figure 2 . Five sets In this work, a novel method has been introduced for obtaining the values of resonant frequency and Q-factor, which provides results with negligible errors. Two sets of equations for resonant frequency and Q-factor have been obtained for different shield materials around a copper ring, as discussed above. Coefficients of the two sets of equations have been optimized by a variant of standard PSO, namely time-varying particle swarm optimization (TVPSO) which has been effective in finding global solutions to many engineering problems [30, 31] , by formulating an optimization problem using a minimizing objective function. Comparison of the results is presented for validation and usability of the presented technique.
The resonant frequency and Q-factor of SRR are dependent upon critical dimensions besides material and other properties. Important material properties which affect the values of these parameters include bulk conductivity, relative permeability and mass density of both the split-ring and shield material [9] . Important properties of the shield materials are given in Table 1 [9] . As per guidance available in earlier research [1, 10, 11] , high conductivity is a necessity for a split-ring, so copper has been utilized in this work to design the split-ring. The shield has been designed using aluminum (AL), brass (BR) [21] , stainless steel (SS), cast iron (CI), and tin (SN). These have been previously utilized in an earlier work [9] . Equations of the resonant frequency and Q-factor of SRR can be obtained using data. Data can be obtained with the help of simulations. For this purpose, five base-design SRR models were formulated using HFSS, each with a shield of different material. Design parameters of the base design SRR are produced in Table 2 . A square cross-section of the ring was developed so that magnetic and electric fringing effects remain uniform in vertical and horizontal directions. A HFSS simulation model comprising of SRR enclosed in a shield, designed for this work, is shown in Figure 2 . Five sets of values pertaining to resonant frequency and Q-factor for the base design SRR were obtained. For studying the effects of variations in shield dimensions on the resonant frequency and Q-factor pertaining to each of these, dimensional parameters had to be varied within allowable limits. These ranges were obtained as per the guidelines worked out by earlier researchers. The range over which parameters were to be varied are tabulated in Table 3 [9] . It can be observed that each of the parameters, namely height of shield 'H', the inner radius of shield 'R 0 ' and thickness of shield 'T', had 5 values. So for each shield material, 125 (5 × 5 × 5) solutions were required. The grand total of solutions for all SRRs with shield, of five defined materials, was 625 solutions.
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Design Parameters Dimensions (mm)
Inner radius of shield "R 0 " 25 Inner radius of resonator "r 0 " 6 Width of resonator "W" 6 Length of resonator "Z" 6 Gap of resonator "t" 2 Inner height of shield "H" 28 Thickness of shield "T" (in all directions) 4 The effects of variations in geometrical dimensions of the shield on the resonant frequency and Q-factor using full factorial method could be studied with the help of a full factorial experiment. In the full factorial experiment, all combinations of variable levels are included to find solutions [32] . In this case, 625 experiments had to be designed because three variables used five levels of values for each shield material, as discussed above. In order to reduce the number of experiments without losing accuracy in the results, the Design of experiment Taguchi approach [33] was adopted. The Taguchi method defines two types of factors, namely control factors and noise factors. An inner design constructed over the control factors finds optimal settings. An outer design over the noise factors looks at how the response behaves for a wide range of noise conditions. The experiment is performed on all combinations of the inner and outer design runs. A performance statistic is calculated across the outer runs for each inner run. The total experiments required in the Taguchi approach is obtained by formulating a table comprising of orthogonal arrays e.g., L4, L8, L9, L12, L16, L18, L25, L27 etc. Statistical software like Minitab, SPSS etc., are designed for formulating orthogonal arrays and hence a reduced number of experiments. For this work, the Taguchi method was utilized with the help of Minitab software [24] . Taguchi's L-25 orthogonal array required only 25 solutions for the aforementioned problem. This array was formulated using the software. HFSS simulations were designed to obtain solutions of the resonant frequency and Q-factor for each design of the array. The obtained values of resonant frequency and Q-factor for each row is given in Table 4 . Following two regression models, non-interactive and interactive respectively, have been considered for each of the two quantities i.e., resonant frequency (f ) and Q-factor (Q) to accommodate the data given in Table 3 . Equation (5) presents a general form of the non-interactive regression model for resonant frequency while (6) is the interactive model for the same parameter. Higher order interactive equations can be defined, but this work has been limited to two-factor interaction. (5) is termed as Model-1 and (6) is termed as Model-2 for resonant frequency.
General forms of regression equations, defined in a similar fashion, for Q-factor calculations are shown in (7) and (8); (7) is termed as Model-1 (non-interactive) and (8) is termed as Model-2 (interactive) for Q-factor.
The two models differ in complexity such as number of coefficients; Model-1 needs four coefficients to be updated whereas Model-2 needs 7 coefficients to be optimized. Furthermore, Model-1 considers the effect of the shield dimensions individually whereas Model-2 considers the effect of the shield dimensions individually as well as their combined effect. The regression problem is converted into an optimization problem by formulating an objective function. For our work, we have used mean absolute error (MAE) as the minimizing objective function as expressed in (9) .
where J represents the objective function to be minimized. N is the number of data points; here N = 5 for a particular material. The error (e) is defined as the difference between the actual and the estimated resonant frequency and Q-factor, respectively, as expressed by (10) and (11).
The TVPSO is used to optimize (minimize) the objective value in each iteration and to settle to a global minimum objective value. The optimization problem formulated is four-dimensional for Model-1 and seven-dimensional for Model-2 of both resonant frequency and Q-factor.
Time-Varying Particle Swarm Optimization (TVPSO) Algorithm and Parameter Settings
Particle swarm optimization (PSO) is a well-established metaheuristic optimization algorithm; PSO imitates the food search behavior of birds or fishes. The candidate solution is termed as a particle; a swarm of particles is used to explore the search space in which our potential global solution exists. Two variables are updated in each search iteration, namely the velocity and position of the particles as expressed in the following.
In (12) and (13) v i represents the velocity of the ith particle, t is the current iteration, ω is the inertia, c 1 is the personal acceleration coefficient, c 2 is the global acceleration coefficient, pBest i is the personal best position of the ith particle in current iteration, gBest (t) is the global best position of the entire swarm, r 1 and r 2 are the random numbers between 0 and 1 and x i is the current particle position. In standard PSO (SPSO), the values of ω, c 1 and c 2 are kept constant.
In our work, a variant of PSO called time-varying PSO (TVPSO) [34] has been used. The TVPSO differs from SPSO [35] in terms of parameters as in TVPSO the parameters are time-dependent rather than fixed in SPSO. The parameters are made variable to better explore and exploit capabilities to avoid premature solutions or trapping in a local solution [36] . The ω is varied between 0.4 and 0.9 whereas c 1 and c 2 are varied between 0.5 and 2.5 in samples defined by current iteration count and maximum number of iterations as expressed by (14)- (16) .
In (14)- (16), ω max and ω min represent the maximum and minimum values of ω, respectively. c 1max and c 1min represent maximum and minimum values of c 1 , respectively. c 2max and c 2min represent maximum and minimum values of c 2 . t is the current iteration count and t max is the maximum number of iterations.
For obtaining coefficients for the two models, separate iterative routines were developed using the TVPSO optimization algorithm in MATLAB. The optimization algorithm requires a number of initial parameter settings. These settings are carefully selected so as to obtain convergence with the desired accuracy. Table 5 shows the parameter settings used in TVPSO, whereas Figure 3 shows the flow diagram of the TVPSO. In (14)- (16), and represent the maximum and minimum values of , respectively. and represent maximum and minimum values of , respectively. and represent maximum and minimum values of . is the current iteration count and is the maximum number of iterations.
For obtaining coefficients for the two models, separate iterative routines were developed using the TVPSO optimization algorithm in MATLAB. The optimization algorithm requires a number of initial parameter settings. These settings are carefully selected so as to obtain convergence with the desired accuracy. Table 5 shows the parameter settings used in TVPSO, whereas Figure 3 shows the flow diagram of the TVPSO. 
Parameters
Setting Swarm size 5000 Number of iterations 100 (0.4, 0.9) (0.5, 2.5) (0.5, 2.5) 
Formation of Regression Equations Using TVPSO Algorithm
Coefficients were obtained for both models using routines described in the previous section. These were subsequently used for the formulation of regression equations for resonant frequency and Q-factor. The algorithm utilized the values of the parameters mentioned in Table 3 . However, data were utilized material wise for which the table was sorted accordingly. Regression equations were obtained which are presented model wise for different shield materials
Model-1
Non-interactive regression equations for resonant frequency and Q-factor were formulated using the coefficients, which were generated by the iterative routine for Model-1. These equations 
Formation of Regression Equations Using TVPSO Algorithm
Model-1
Non-interactive regression equations for resonant frequency and Q-factor were formulated using the coefficients, which were generated by the iterative routine for Model-1. These equations describe dependencies of these parameters over geometrical dimensions of the shield. Regression equations for resonant frequency and Q-factor pertaining to SRRs of different shield materials were obtained. The generalized forms of equations for resonant frequency and Q-factor are given in Equations (5) and (7), respectively. Coefficients for the two equations pertaining to Model-1 are given in Tables 6  and 7 , respectively.
Model-2
Interactive regression equations for resonant frequency and Q-factor were formulated in a similar manner. Coefficients were generated by the iterative routine for Model-2. These equations describe not only the dependencies of these parameters over geometrical dimensions of the shield but also the effect due to their interactions. Regression equations for resonant frequency and Q-factor pertaining to SRRs of different shield materials were obtained. Generalized forms of equations for resonant frequency and Q-factor are given in Equations (6) and (8), respectively. Coefficients for the two equations pertaining to Model-1 are given in Tables 8 and 9 , respectively.
Results and Discussion
Results for resonant frequency and Q-factor were obtained using both models. These were compared with the values obtained through HFSS simulations. Material wise coefficients and MAE pertaining to these parameters for Model-1 are tabulated in Tables 6 and 7, whereas Tables 8 and 9 present information for Model-2. Table 10 tabulates the actual and estimated resonant frequency values along with the absolute error values. In Table 10 , f act. represents the actual frequency values obtained through simulation whereas f 1 and f 2 represent the estimated frequency values by Model-1 and Model-2, respectively. These are also shown graphically in Figure 4 . The difference between f act. and f 1 is represented by e 1 , and the difference between f act. and f 2 is represented by e 2 . Absolute error for frequency is shown graphically in Figure 5 . On the whole, it is obvious from this table that the absolute values of e 2 are much less or nearly zero compared to the absolute values of e 1 . However, in some cells the absolute value of e 1 is better than the absolute value of e 2 . In overall comparison, Model-2 outperformed Model-1 in terms of achieving resonant frequency values overlapping actual values.
In a similar manner, the actual and estimated Q-factor values along with the absolute error values have been tabulated in Table 11 . In this table, Q act. represents the actual Q-factor values obtained through simulation whereas Q 1 and Q 2 represent the estimated values by Model-1 and Model-2, respectively. These are also shown graphically in Figure 6 . The difference between Q act. and Q 1 is represented by e 3 , and the difference between Q act. and Q 2 is represented by e 4 . The absolute error for frequency is shown graphically in Figure 7 . On the whole, it is obvious from this table that the absolute values of e 4 are much less or nearly zero compared to absolute values of e 3 . In one instance however, absolute value of e 3 is better than the absolute value of e 4 . In this comparison also, Model-2 outperformed Model-1 in terms of achieving desired values. It is clear from the above comparisons that Model-2 generated highly precise values both for resonant frequency and Q-factor compared to Model-1. This is primarily because Model-2 has been obtained keeping in mind the interactions between the dimensional parameters of SRR shields, whereas Model-1 does not cater for this aspect. Keeping in view this observation, better results can be expected while considering higher order interactions.
Conclusions
Values of the resonant frequency and Q-factor pertaining to SRR with different shield materials were obtained using two multi-coefficient models. A variant of the PSO algorithm with time-varying inertia and acceleration coefficients was used to optimize the models' coefficients. Having the algorithm parameters as time-varying contributes towards good exploration and exploitation capabilities in order to avoid becoming trapped in a local solution. Results obtained through these models were compared with each other. Overall, Model-2 contributed well towards achieving very low objective (MAE) values when compared with Model-1. Average absolute errors generated by Model-1 for resonant frequency and Q factor were less than 4 and 3 percent, respectively; while Model-2 yielded results with average absolute errors even less than 1 percent for both parameters. It can thus be concluded that the interactive models were able to generate the expected results with higher accuracy and show a good match between the actual and calculated resonant frequency and Q-factor.
